Chronic berylliosis is an uncommon disease that is caused by the inhalation of beryllium particles, dust, or fumes. The distinction between chronic berylliosis and sarcoidosis can be difficult both clinically and histologically, as both entities can have similar presentations and exhibit nonnecrotizing granulomatous inflammation of the lungs. The diagnosis of chronic berylliosis relies on a history of exposure to beryllium, roentgenographic evidence of diffuse nodular disease, and demonstration of beryllium hypersensitivity by ancillary studies, such as lymphocyte proliferation testing. Additional support may be gained by the demonstration of beryllium in lung tissue. Unlike other exogenous particulates, such as asbestos, detection of beryllium in human lung tissue is problematic. The low atomic number of beryllium usually makes it unsuitable for conventional microprobe analysis. We describe a case of chronic berylliosis in which beryllium was detected in lung tissue using atmospheric thinwindow energy-dispersive X-ray analysis (ATW EDXA). A woman with a history of occupational exposure to beryllium at a nuclear weapons testing facility presented with progressive cough and dyspnea and a nodular pattern on chest roentgenograph. Open lung biopsy showed nonnecrotizing granulomatous inflammation that was histologically indistinguishable from sarcoidosis. Scanning electron microscopy and ATW EDXA demonstrated particulates containing beryllium within the granulomas. This application of EDXA offers significant advantages over existing methods of beryllium detection in that it is nondestructive, more widely available, and can be performed using routine paraffin sections.
Beryllium is a naturally occurring metal that is found in a number of minerals, such as beryl ore, with unique physicochemical properties that make it suitable for a variety of industrial and technologic applications. Although it is the second lightest known metal, beryllium is more rigid than steel, has an unusually high melting point, and is an excellent conductor of heat and electricity (1) . Commonly alloyed with other metals, such as copper and aluminum, beryllium is an important component in the manufacture of aerospace equipment, computers, electronics, industrial ceramics, nuclear reactors and weapons, dental prostheses, and even some golf clubs.
Despite its desirable properties, beryllium and beryllium-containing compounds are toxic to humans. The adverse pulmonary effects of beryllium became evident during the first half of the 20th century, with the development of acute chemical pneumonitis in beryllium extraction workers (2) . Subsequently, disease similar to sarcoidosis was described in workers who were exposed to beryllium phosphors used to produce fluorescent lamps (3) . Improved industrial practices and limitations imposed on workplace exposure have markedly reduced the incidence of beryllium-induced lung disease, in particular, acute beryllium pneumonitis (4) . However, an acceptable substitute for beryllium has not been identified for many applications. Consequently, an estimated 807,000 individuals are presently at risk of developing beryllium disease (5) .
Unlike acute beryllium disease, which manifests as a chemical pneumonitis, chronic berylliosis, or chronic beryllium disease, is a systemic disorder believed to result from delayed-type hypersensitivity to beryllium. It is characterized by nonnecrotizing granulomatous inflammation in the lungs and several other organs. Remarkably similar clinical and histopathologic features can be seen in sarcoidosis. Although a history of occupational exposure is usually apparent, detection of elevated levels of beryllium in lung tissue may be helpful in establishing the diagnosis.
Several techniques are employed for detection of beryllium in lung tissue, including electron energy loss spectroscopy (6) , laser microprobe mass analysis (7), and secondary ion mass spectrometry (8) . Although highly sensitive, these modalities are relatively expensive and not widely available in the clinical setting. At least 1 g of lung tissue is required by some of these techniques, most of which destroy the tissue undergoing analysis (9).
Conventional energy-dispersive X-ray analysis (EDXA) is a nondestructive technique that has been in use for Ͼ30 years. In such instruments, the cooled lithium-drifted silicon detector [Si(Li)] is protected in a vacuum by a thin beryllium window. Elements of atomic number Ն fluorine (Z ϭ 9) can be detected by conventional EDXA, but low-energy X-rays are absorbed by the beryllium window. Newer polymeric atmospheric thin-window (ATW) EDXA detectors are theoretically capable of detecting lower atomic number elements such as beryllium (Z ϭ 4) (10). To our knowledge, detection of beryllium in human lung tissue using EDXA has not been reported.
We report a case of a woman with a history of beryllium exposure who developed cough and progressive dyspnea, accompanied by bilateral hilar adenopathy and nodular parenchymal disease. Examination of lung tissue by scanning electron microscopy (SEM) and ATW EDXA demonstrated particles of beryllium within granulomas.
CASE REPORT

Clinical History
The patient was a 40 year-old Caucasian female nonsmoker. Her past medical history was significant for allergic rhinitis and depression, for which she took Zyrtec and Effexor. She was exposed to beryllium through her employment as a geologist at a nuclear weapons testing facility.
The patient was in her usual state of good health until 2 years before presentation, at which time she developed a persistent cough and dyspnea on exertion, associated with bilateral hilar adenopathy and diffuse nodular pulmonary parenchymal disease on chest radiographs. Physical examination disclosed normal chest auscultation. There were no ocular or mucosal membrane abnormalities. Pulse oximetry on room air at rest showed an arterial oxygen saturation of 96%. Pulmonary function tests demonstrated mild restrictive lung disease and a very mild reduction in diffusing capacity. Ancillary studies included serologic tests for coccidioidomycosis, which were negative. The clinical impression was sarcoidosis. Open biopsy of the right lung was performed. Following histopathologic examination, the patient was counseled to avoid further exposure to beryllium in the workplace. Lymphocyte proliferation testing for beryllium was also performed, which was positive. In the 14 months subsequent to diagnosis, the patient has experienced some symptomatic relief with Flovent, and her pulmonary function tests have remained stable.
Pathologic Findings
Grossly, the lung parenchyma was gray with a rubbery, nodular consistency. Histologic sections showed clusters of well-formed nonnecrotizing granulomas with multinucleated giant cells, mainly along bronchovascular bundles (Fig. 1) . The surrounding parenchyma showed mild chronic interstitial inflammation, but fibrosis and honeycombing were absent. Examination with polarizing light microscopy demonstrated minute round birefringent particles in the granulomas, which were predominantly within the cytoplasm of multinucleated giant cells.
A beryllium-free carbon disc was examined in a JEOL-JSM 6400 scanning electron microscope (JEOL USA, Inc., Peabody, MA) equipped with a Robinson backscatter electron image detector (ETP-USA/Electron Detectors, Inc., Rocklin, CA), a Gresham Sirius 30 mm 2 X-ray detector (Gresham Scientific Instruments Ltd., Buckinghamshire, England), and a 4pi Analysis microanalyzer and pulse processor (4pi Analysis, Inc., Durham, NC). An accelerating voltage of 5 keV was used. The disc was probed, and the low energy threshold discriminator was set to allow acquisition of X-ray pulses of approximately 0.04 keV and greater, while excluding pulses from the zero energy reference peak. This ensured that no spurious peaks would be visualized in the region corresponding to beryllium (~0.11 keV). A pure beryllium grid was then mounted on an aluminum disc and examined in a similar manner. With negative backscattered electron imaging (BEI), the beryllium grid appeared bright on a darker aluminum background (Fig. 2) . EDXA yielded peaks for beryllium. A 128 ϫ 128 pixel (beam current,~10-8 amps, 6 sec/pixel dwell time) elemental X-ray image set showed distributions consistent with the morphology of the grid and its specimen support (Fig. 2) (11) . Beryllium and the aluminum support were clearly visualized, as was carbon contamination on the grid. The peak-free background showed no localization, and the sulfur was minimal (probably contamination).
Elemental maps were acquired with the spectrum imaging software "ImagNSpect" (DAKX, LLC, Pittsboro, NC) (12) . Acquisition could be programmed such that more dwell time per pixel occurred in regions suspected to contain beryllium. Spectra were obtained from the data set post facto and image processing was performed on individual maps.
A 5 micron thick section of paraffin-embedded lung tissue was mounted on a carbon stub, deparaffinized by thorough washing with xylene, lightly rotary coated with carbon, and examined by secondary electron imaging (SEI), BEI, and EDXA. Areas with giant cells were readily identified by SEI (Figs. 3, 4A) . With negative BEI, a few bright, round to irregular, 0.5-to 3-m particles were seen in the cytoplasm of giant cells (Fig. 4B) . Such particles were not apparent in surrounding nongranulomatous tissue. EDXA of the particles yielded discrete peaks for beryllium (Fig. 5A) . Spectra from lung tissue devoid of particles yielded either no or trace peaks for beryllium (Fig. 5B) . The only other elements identified were carbon and in some areas, oxygen. Elemental maps were performed using the same procedure described above for the beryllium grid and aluminum stub. To display the beryllium effectively, it was useful to normalize the beryllium to the carbon map. This procedure suggested the presence of beryllium in the region of a particle identified by BEI imaging (Fig. 6) . As a control, pulmonary tissue from a case of nonnecrotizing granulomatous inflammation with clinical features consistent with sarcoidosis and a negative beryllium exposure history was subjected to similar analysis. BEI-positive particles were not identified. EDXA of the granulomas did not demonstrate any beryllium peaks.
DISCUSSION
The U.S. Beryllium Case Registry has established criteria for diagnosing chronic berylliosis (13) . A history of beryllium exposure is essential to the diagnosis. Although exposure may be obvious, as in cases arising in beryllium extraction workers, chronic berylliosis has been documented in individuals without direct exposure. Reported examples include household contacts of beryllium workers, secretaries, and janitors at factories where beryllium is used, and residents of neighborhoods near such factories (14 -17) . Chronic berylliosis may also arise in beryllium workers long after exposure has ceased, with a reported latency period of Յ40 years (18) .
With respect to the present case, chronic berylliosis has been well documented in nuclear weapons workers (14, 19, 20) . As with other industries in which beryllium is used, the risk of developing disease increases with the level of exposure, with the highest rates reported in nuclear weapons machinists (14) . Chronic berylliosis has also been documented in employees with unknown incidental or passive exposure, such as clerical workers and security guards at nuclear weapons facilities, albeit at a much lower rate (14) .
Two other criteria for the diagnosis of chronic berylliosis include appropriate clinical and histologic findings. Such findings, which were apparent in the present case, do not readily allow distinction from sarcoidosis (9) . Histologically, the appearance of chronic berylliosis is often indistinguishable Figure 3 . B, negative backscatter electron image of several backscatter-positive particles in the cytoplasm of a multinucleate giant cell (arrowheads; original magnification, 4500ϫ).
FIGURE 5.
A, energy dispersive X-ray analysis spectrum of an intracytoplasmic backscatter-positive particle shows discrete peaks for beryllium (Be). B, spectrum from area away from particles with a prominent peak for oxygen (O). Only background signal is seen in the Be region (~0.1 keV). from sarcoidosis. Well-formed, compact, nonnecrotizing "sarcoid-like" granulomas composed of epithelioid histiocytes are typically distributed along bronchovascular bundles and lymphatics (21) . Schaumann bodies may be present within the giant cells of granulomas and are sometimes prominent. The interstitium in chronic berylliosis exhibits a variable degree of inflammation, ranging from mild to prominent (22, 23) . Interstitial fibrosis often accompanies the infiltrate, which may progress to microscopic honeycombing. Histologically similar granulomatous disease has been associated with a variety of metals other than beryllium, including aluminum, barium, cobalt, copper, gold, rare earths (lanthanides), titanium, and zirconium, again emphasizing the importance of exposure history (24) .
Because the clinical, radiographic, and histopathologic findings in berylliosis are nonspecific, a fourth criterion, which must be met to establish a diagnosis of chronic berylliosis, is demonstrating a beryllium-specific immune response (14) . Chronic berylliosis is postulated to be a Type IV hypersensitivity disorder, in which beryllium binds as a hapten to tissue proteins and is recognized as foreign by the immune system, thereby inducing a cellular immune response (25) . Host susceptibility appears to be an important factor in the pathogenesis of chronic berylliosis. Of the approximately 800,000 exposed individuals, only about 2% develop disease (26) . Interestingly, the human leukocyte antigen DPB1 is particularly prevalent among individuals with chronic berylliosis (27) .
Several methods for demonstrating a berylliumspecific immune response have been devised. Currently, beryllium lymphocyte proliferation testing is preferred. This technique, which can be performed FIGURE 6. Highly magnified image and X-ray maps of beryllium particle within a granuloma. First panel, top row: negative backscattered electron image, showing bright particle on gray background. Square denotes particle. Second panel: beryllium X-ray map showing strong signal in region of particle. Third panel: carbon X-ray map. In the region of the beryllium particle, no signal is present. Fourth panel: beryllium and carbon X-ray maps expressed as a ratio. There is a suggestion of peak intensity in the region of the beryllium particle. First three panels, second row: X-ray maps for oxygen, phosphorus, and sulfur, respectively. In the region of the beryllium particle, no signal is present. Fourth panel: X-ray map for chlorine. First panel, bottom row: EDXA spectrum from reference point (circle), showing carbon and oxygen but no beryllium. Second panel: EDXA spectrum from particle (square), showing carbon, oxygen, and beryllium. The beam dwell time for the field encompassing the circle and small box is 10 seconds per pixel, whereas dwell time for the remainder of image is 1 second per pixel. on lymphocytes from blood or bronchoalveolar lavage, compares the proliferation response of lymphocytes incubated with a beryllium-containing compound from a patient suspected to be sensitized to beryllium to that of a nonsensitized individual (26) . A positive lymphocyte proliferation test was demonstrated in the present case, thereby fulfilling the four criteria for a diagnosis of chronic berylliosis. A major criticism of using beryllium hypersensitivity as a criterion for diagnosing chronic berylliosis is that hypersensitivity does not necessarily equate with clinical disease.
An alternative approach to the diagnosis of chronic berylliosis is the demonstration of beryllium in lung tissue, lymph nodes, or urine (13) . Because of its low atomic number, beryllium is not detected by conventional EDXA. However, atmospheric thin-window technology has expanded the range of detectable elements. Unlike currently employed methods, which include spectrographic and fluorometric analysis, EDXA is available at most academic medical centers. Adding atmospheric thin-window detection capabilities to X-ray analyzers is relatively straightforward, as is learning how to perform ATW analysis.
The ability to use routine sections prepared from paraffin blocks for beryllium detection is perhaps the most significant advantage of ATW EDXA. This is because the diagnosis of chronic berylliosis is often considered in retrospect, after lung biopsy shows nonnecrotizing granulomas and a detailed occupational history is obtained. By this time, the opportunity to retain fresh or even formalin-fixed tissue often has passed.
Over time, beryllium is largely removed from tissue, excreted mainly in the urine (28) . Patients with massive exposure who develop acute berylliosis have high levels of beryllium in their lungs (29) . In cases of chronic berylliosis, beryllium levels vary widely, but are usually significantly less than those observed in acute berylliosis (29, 30) . Background levels of beryllium are present in the environment, such that tissue from individuals with no known exposure may exhibit low levels of beryllium (30, 31) . It is important to note that analyzed cases of sarcoidosis, the main entity to be distinguished from chronic berylliosis, have not demonstrated levels of beryllium above background (30) . It is necessary to study additional cases of confirmed berylliosis and sarcoidosis to establish the sensitivity and specificity of ATW EDXA for the detection of beryllium in tissues. If ATW EDXA proves to be a good discriminator between berylliosis and sarcoidosis, this technique could serve as a powerful adjunct to or supplant berylliosis lymphocyte proliferation testing.
The combination of BEI with ATW EDXA is a powerful approach, because the former permits the detection of suspected particles of beryllium within areas of granulomatous inflammation. Most inorganic particulates in the lung are heavier than carbon and therefore appear as dark areas on a lighter background with negative BEI. Because beryllium is lighter than carbon, it appears as pinpoint areas of brightness on a darker background (Fig. 4B) . Conventional BEI detectors can readily discriminate between carbon (Z ϭ 6) and beryllium (Z ϭ 4; Fig. 2) . Once a potential beryllium particle has been identified with BEI, ATW EDXA can then confirm its composition as beryllium. It is essential when performing ATW EDXA to set the low-energy threshold discriminator appropriately to insure that spurious low energy peaks potentially confused with beryllium are not displayed.
Obtaining a thorough occupational history is paramount to the accurate diagnosis of nonnecrotizing granulomatous pulmonary disease. Although sarcoidosis is the most likely cause, chronic berylliosis should always be included in the differential diagnosis. The diagnosis of chronic berylliosis can be aided by demonstrating beryllium in tissue. Until the present time, this required spectrographic or fluorometric methods. We have demonstrated that atmospheric thin-window energy dispersive X-ray analysis is technically feasible tool for detecting beryllium in human lung tissue, which has the advantage of using routine paraffin sections. Further investigation is necessary to determine the overall sensitivity and specificity of this exciting new technique before it can be implemented in the diagnostic evaluation of suspected chronic beryllium disease.
